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ABSTRACT 

Purpose: A new humanized anti-CD20 monoclonal an- 
tibody (MAb), IMMU-106, was evaluated to elucidate its 
action as an antilymphoma therapeutic, as a single agent, 
and in combination with the anti-CD22 MAb, epratuzumab. 

Experimental Design: Antiproliferative effects, apo- 
ptotic effects, and the ability of IMMU-106 to mediate 
complement-mediated cytotoxicity and antibody-dependent 
cellular cytotoxicity on a panel of non-Hodgkin's lymphoma 
(NHL) cell lines were compared with the chimeric anti- 
CD20 MAb, rituximab, and evaluated in light of the various 
levels of antigen expression by the cell lines. In vivo therapy 
studies were performed in SCID mice bearing disseminated 
Raji lymphoma. 

Results: The mechanisms of cytotoxicity of IMMU-106 
were found to be similar to rituximab, and include direct 
apoptosis, antibody-dependent cellular cytotoxicity, and 
complement-mediated cytotoxicity. IMMU-106 was also 
found to be very similar to rituximab in terms of antigen- 
binding specificity, binding avidity, and dissociation con- 
stant. Treatment of Raji-bearing SCID mice with IMMU- 
106 yielded median survival increases of up to 4.2-fold 
compared with control mice. Survival in mice treated with 
IMMU-106 plus epratuzumab was compared with IMMU- 
106 treatment alone. Although the combined treatment did 
not improve median survival, an increased proportion of 
long-term survivors was observed. An enhanced antiprolif- 
erative effect was also observed in vitro in SU-DHL-6 cells 
when IMMU-106 was combined with epratuzumab. These 
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findings are consistent with the up-regulation of CD22 ex- 
pression observed after pretreatment of NHL cells in vitro 
with CD20 MAb (IMMU-106). 

Conclusions: It is expected that in humans IMMU-106 
should be at least as effective as rituximab and, due to its 
human framework construction, it may exhibit different 
pharmacokinetic, toxicity, and therapy profiles. In addition, 
it may be possible to enhance efficacy by combination ther- 
apy comprised of anti-CD20 and other B-cell lineage target- 
ing MAbs, such as epratuzumab. The current results em- 
phasize that in vitro as well as in vivo studies with many of 
the NHL cell lines were generally predictive of the known 
activity of anti-CD20 MAbs in NHL patients, as well as the 
enhanced efficacy of epratuzumab combined with rituximab 
observed in early clinical trials. 

INTRODUCTION 

Pan-B-cell monoclonal antibodies (MAbs) have been dem- 
onstrated to be effective antilymphoma agents (1). Comparison 
of the relative merits of various anti-B-cell MAbs for therapy of 
B-cell malignancies has delineated the importance of several 
parameters in determining the ultimate efficacy of these agents, 
such as antigen density and the ability to induce complement- 
mediated cytotoxicity (CMC; Refs. 2-4), antibody-dependent 
cytotoxicity (ADCC; Ref. 5), and/or direct induction of apopto- 
sis (6-8). It is likely that, depending on the system, more than 
one of these mechanisms plays a role in the effectiveness of a 
MAbs. It is also clear, however, that not all of the parameters 
have been elucidated, especially with regards to the properties 
that define which MAb would be a likely best choice across 
non-Hodgkin's lymphoma (NHL) subtypes and for individual 
cases within a subtype, as well as how to augment the efficacy 
of naked MAbs by combination with other treatment modalities. 

The chimeric anti-CD20 antibody, rituximab (Rituxan; 
Genentech, South San Francisco, CA; IDEC, San Diego, CA), 
has been approved for the treatment of relapsed/refractory low- 
grade B-cell non-Hodgkin's lymphoma (9). Whereas rituximab 
is effective, only ~50% of patients respond when given 375 
mg/m 2 weekly for 4 weeks (9). The median time to progression 
in responders is ~13 months (9), and ~60% of initial respond- 
ed do not respond to retreatment (10). Because of these limi- 
tations, as well as the long initial infusion time necessary for 
administration of rituximab and the occurrence of infusion- 
related toxicities (11), there is an ongoing effort for improve- 
ment in this treatment modality. Other antibodies under in- 
vestigation as potential therapeutic agents for NHL include 
anti-CD19, -CD22, -CD52, -CD74, -CD80, and -HLA-DR 
MAbs (12-19). As with rituximab, it is unlikely that these 
MAbs will be curative as single agents. Combination therapy, 
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for example, with chemotherapy or of multiple MAhs targeting 
antigens with different signaling pathways may be necessary. 
The rational design of combination MAb therapy will depend on 
knowledge of the precise mechanism of action of the MAbs, 
with improved results expected when agents to distinct targets, 
which function by nonoverlapping mechanisms, are combined. 
It is also conceivable that binding to one antigen target may 
affect the binding to, or expression of, another. 

In this report, a new humanized anti-CD20 MAb, IMMU- 
106. was evaluated to elucidate its action as an antilymphoma 
therapeutic. The humanized anti-CD20 MAb, IMMU-106 (also 
known as hA20; Immunomedics, Inc., Morris Plains, NJ), was 
generated using the same human IgG framework as epratu- 
zumab (Immunomedics, Inc.), a CDR-grafted (humanized) 
MAb directed against CD22 (20). Antiproliferative effects, ap- 
optotic effects, and the ability of IMMU-106 to mediate com- 
plement-dependent cell lysis and ADCC of NHL cell lines are 
compared with the chimeric anti-CD20 MAb and rituximab, and 
evaluated in light of the various levels of antigen expression by 
the cell lines. The expression of CD20 and CD22 by NHL cells 
in culture was also examined after pretreatment with either 
CD22 or CD20 MAbs. The ability of the MAbs to prolong 
survival in an animal model of NHL is also demonstrated. In 
addition, enhancement of the in vitro and in vivo antitumor 
effects of the anti-CD20 MAb, IMMU-106, is shown when 
given in combination with epratuzumab. 

MATERIALS AND METHODS 
Cells 

The Burkitt lymphoma lines, Daudi, Raji, and Ramos, were 
purchased from the American Type Culture Collection (Manas- 
sas, VA). Non-Burkitt lymphoma cell lines were obtained as 
follows. RL and SU-DHL-6, which contain the chromosomal 
translocation t(14;18), were obtained from Dr. John Gribben 
(Dana-Farber Cancer Institute, Boston, MA) and Dr. Alan Ep- 
stein (University of Southern California, Los Angeles, CA), 
respectively. Cell lines SU-DHL-4, SU-DHL-10, and Kar- 
pas422 were provided by Dr. Myron Czuczman (Roswell Park 
Cancer Institute, Buffalo, NY), and WSU-FSCCL and DoHH2 
cell lines were obtained from Dr. Mitchell Smith (Fox Chase 
Cancer Center, Philadelphia, PA). The cells were grown as 
suspension cultures in DMEM (Life Technologies, Inc. Gaith- 
ersburg, MD), supplemented with 10% fetal bovine serum, 
penicillin (100 units/ml), streptomycin (100 |Jig/ml), and l- 
glutamine (2 mM; complete media). 

Antibodies 

Development of hLL2, the humanized anti-CD22 MAb, 
now referred to as epratuzumab, has been described previously 
(20, 21). Similar procedures were adopted to develop the hu- 
manized anti-CD20 MAb, designated as IMMU-106, or hA20. 
Briefly, the V K and V H genes of the parent anti-CD20 MAb 
were first cloned from the hybridoma cells by reverse transcrip- 
tion-PCR, and the complementary determining region se- 
quences were elucidated by DNA sequencing, as described (22). 
The V genes of complementary determining region-grafted (or 
humanized) anti-CD20 MAbs were then designed and engi- 
neered. The same human framework regions (FRs) used for 



derivation of epratuzumab were applied, i.e., the FR1, 2, and 3 
of EU and the FR4 of NEWM heavy chain served as the scaffold 
for V H , and the REI FRs as the scaffold for V K . IMMU-106 was 
expressed in Sp2/0-Agl4 cells (American Type Culture Collec- 
tion). A high-level IMMU-106-producing clone was developed 
as described (21). Both epratuzumab and IMMU-106 were 
produced in bioreactors and purified by a combination of affin- 
ity chromatography on Protein A columns and gel filtration on 
SE columns under GMP compliance. 

Other MAbs used in the studies were rituximab, purchased 
from IDEC Pharmaceuticals Corp. (San Diego, CA), and hMN- 
14, or labetuzumab (humanized anticarcinoembryonic antigen 
IgGj^), provided by Immunomedics, Inc. The construction and 
characterization of hMN-14, used here as a negative isotype 
control, have been described previously (23). 

Cell Surface Antigen-Binding Assays 

A competitive binding assay was used to evaluate the 
antigen-binding specificity of the anti-CD20 MAbs. A constant 
amount (100,000 cpm; -10 |aCi/u,g) of 125 I-labeled rituximab 
was incubated with Raji cells in the presence of various con- 
centrations (0.2-700 nM) of IMMU-106 or rituximab at 4°C for 
1-2 h. Unbound MAbs were removed by washing the cells in 
PBS. The radioactivity associated with cells was determined 
after washing. The maximum number of binding sites per cell 
and the apparent antigen-binding affinity constant of the anti- 
CD20 MAbs were determined by direct cell surface saturation 
binding of the radiolabeled MAbs and Scatchard plot analysis, 
as described by Trucco et al. (24), and Lindmo et al. (25). MAbs 
were labeled with 125 I by the chloramine-T method (26). The 
data shown are specific binding. Each experiment was done with 
two sets of cells: (a) cells preincubated with respective cold 
MAb to block all of the binding sites; and (b) cells preincubated 
with medium. After preincubation, the cells were aliquoted, and 
radiolabeled MAb at various concentrations was added. The 
counts from set 1 were considered as nonspecific binding and 
that from set 2 total binding. Specific binding is total binding — 
nonspecific binding. 

Flow Cytometric Assays 

Immunophenotyping. Indirect immunofluorescence as- 
says were performed with the panel of cell lines described 
above, using FITC-goat antimouse IgG (Tago, Inc., Burlingame, 
CA) essentially as described previously (27) and analyzed by 
flow cytometry using a FACSCalibur (Becton Dickinson, San 
Jose, CA). 

Analysis of Apoptosis. Flow cytometric analysis of cel- 
lular DNA was performed after propidium iodide staining (6, 
28). NHL cells were placed in 24-well plates (5 X 10 5 cells/ 
well) and subsequently treated with MAbs (5 |JLg/ml). Three 
wells were prepared with each MAb to study the effects of 
cross-linking with goat antimouse or goat antihuman second 
antibodies. After a 20-min incubation with the primary MAbs 
(37°C; 5% C0 2 ), F(ab') 2 goat antimouse IgG Fc^-specific sec- 
ond antibody (The Jackson Laboratory, West Grove, PA) was 
added to one well from each primary MAb to adjust the second 
antibody concentration to 20 jig/ml. F(ab') 2 goat antihuman IgG 
Fc-y-specific (The Jackson Laboratory) was similarly added to 
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the second well from each primary MAb, and the volume of the 
third set was equalized by addition of medium. After a 48-h 
incubation (37°C; 5% C0 2 ), cells were transferred to test tubes, 
washed with PBS, and then resuspended in hypotonic propidium 
iodide solution (50 mg/ml propidium iodide in 0.1% sodium 
citrate; 0.1% Triton X-100). Samples were analyzed by flow 
cytometry using a FACSCalibur. Percentage of apoptotic cells 
was defined as the percentage of cells with DNA staining before 
G/Gq peak (hypodiploid). 

Up-Regulation of Antigen Expression. To assess the 
effects of preincubation of NHL cells with IMMU-106 or 
epratuzumab, cells were stained with FITC-labeled anti-CD20 
and -CD22 MAbs after overnight incubation with the unlabeled 
MAbs. Briefly, 1 X 10 6 cells were incubated in 2.0 ml of 
complete medium, or complete medium containing 10 |xg/ml of 
rMMU-106 or epratuzumab, in triplicate, in 24-well plates. 
After a 17-h incubation (37°C; 5% C0 2 ), cells were transferred 
to test tubes, washed with PBS and 1% BSA, and then resus- 
pended in 350 ui PBS and 1% BSA. An aliquot (100 jjlI) from 
each incubation mixture was incubated with either FITC-CD8 
(Becton Dickinson: anti-Leu-2a-FITC; molar ratio FITC:pro- 
tein = 4:9) as a negative control, FITC-anti-CD20 (Beckman 
Coulter: Bl-FITC; molar ratio FITC:protein = 5:10), or FITC- 
anti-OD22 (Caltag: RFB4-FITC; molar ratio FITCprotein = 
6.07). according to the manufacturer's directions, for 30 min, 
then washed with PBS and 1% BSA, resuspended in 1% for- 
malin, and analyzed by flow cytometry with the Becton Dick- 
inson FACSCalibur. 

Cytotoxicity Assays 

Standard 51 Cr release assays were performed for the meas- 
urement of ADCC and CMC essentially as described (29). All of 
the assays were performed in triplicate. Blood specimens used in 
these studies were collected under a protocol approved by the 
Institutional Review Board. Normal human serum complement 
was purchased from Quidel Corporation (San Diego, CA). For 
the CMC assay, 25 pi of 1:5 dilution was added, followed by a 
3-h incubation. For the ADCC, E:T cell ratios of -50:1 were 
used, and incubations were for 4 h. All of the blood donors gave 
voluntary, written informed consent. 

Percentage of specific lysis was calculated according to the 
following formula: 

% lysis = [ 51 Cr release from experimental sample — 
spontaneous 51 Cr release]/[ 51 Cr release from maximum re- 
lease - spontaneous 51 Cr] X 100. 

In Vitro Cell Proliferation Assays 

Effects of MAbs, with or without Second Antibody 
Cross-Linking on [ 3 H]Thymidine Uptake. MAb effects on 
cell growth were determined by assessing [ 3 H]thymidine incor- 
poration in the NHL cell lines with and without the presence of 
a cross-linking second antibody, essentially as described by 
Shan et al. (6). Second antibodies used for evaluating the effects 
of cross-linking were F(ab') 2 goat antimouse IgG Fc7-specific 
or F(ab') 2 goat antihuman IgG Fc^-specific (The Jackson Lab- 
oratory). All of the tests were performed in triplicate. 



In Vivo Effects of Naked MAbs on SCID Mice Bearing 
Disseminated Raji 

Mice were injected i.v. with 1-2.5 X 10 6 Raji cells on day 
0. Administration of MAbs was initiated 1 day after injection of 
tumor cells according to dose schedules described for each 
experiment. Mice were examined daily for signs of distress or 
hind-leg paralysis and weighed weekly. Paralysis of the hind 
legs or weight loss of >25% was used as the survival end point. 
Animals were euthanized at these end points. Animal studies 
were performed under protocols approved by the Institutional 
Animal Care and Use Committee. 

RESULTS 

Antigen-Binding Characteristics of IMMU-106. IMMU- 
106 was designed to have human IgGl/K constant regions and 
the same human V FRs as the humanized anti-CD22 antibody, 
epratuzumab. The antigen-binding specificity and affinity of 
IMMU-106 were evaluated by cell-surface competitive and di- 
rect saturation-binding assays, and compared with rituximab, a 
human-mouse chimeric anti-CD20 MAb. In the competitive 
binding assay, various concentrations of IMMU-106 or ritux- 
imab were used to compete with radioiodinated rituximab for 
the binding to Raji human NHL cells. The results shown in Fig. 
1A confirmed that IMMU-106 has the same antigen-binding 
specificity as rituximab and the apparent binding avidities are 
comparable between these MAbs. This was additionally con- 
firmed by direct cell surface saturation binding and Scatchard 
plot analysis to measure the dissociation constant of IMMU- 
106. As shown in Fig. IB, the apparent dissociation constant 
values for IMMU-106 and rituximab were virtually the same, 
calculated to be 3.6 ± 0.6 and 3.1 ± 0.4 nM, respectively. 
Similar results were obtained on Daudi cells (data not shown). 

Antigen Expression of Cultured Lymphoma Cell Lines 
and Normal Peripheral Blood Lymphocytes. Flow cytom- 
etry analysis was performed using indirect immunofluorescent 
staining to show that IMMU-106 binds to a panel of cultured 
B-cell lymphomas. As shown in Table 1, the MAb binds to all 
of the tested cell lines, but the level of fluorescence staining 
varied between the cell lines. IMMU-106 behaves similarly to 
rituximab, staining the Burkitt cell lines, Raji, Ramos, and 
Daudi, and the non-Burkitt (follicular and diffuse large B-cell 
lymphoma) lines, SU-DHL-6, RL, and DoHH2, with high in- 
tensity. Four other NHL lines, WSU-FSCCL, Karpas422, SU- 
DHL-4, and SU-DHL-10, exhibited lower levels of MAb stain- 
ing. SU-DHL-6 had the highest staining intensity, followed by 
Raji. Examples of histograms representing 3 levels of staining 
intensity are shown in Fig. 2 for the SU-DHL-4, Raji, and 
SU-DHL-6 cell lines. The mean fluorescence intensity of 
IMMU-106 staining averaged 78% (range, 56-95%) of the 
rituximab levels. It is possible that this difference reflects a 
difference in the binding of the FITC-labeled second antibody 
(goat antihuman IgG) to the chimeric (rituximab) and human- 
ized (IMMU-106) MAbs. This is supported by the observation 
that a human-mouse chimeric version of IMMU-106 yielded 
equivalent results to rituximab (mean percentage of rituximab 
value = 102%; range, 90-116%; data not shown). 

MAb binding to normal human peripheral blood leukocytes 
also was assessed. Lymphocytes, monocytes, and granulocytes 
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Fig. 1 Binding characteristics ot IMMU-106. A, competitive binding assay. A cell surface competitive binding assay was performed to compare the 
binding activity of IMMU- 1 06 with that of rituximab. Varying concentrations of IMMU- 106 ( ■ ) or rituximab ( a ) were mixed with a constant amount 
of 125 I-rituximab and incubated with Raji cells at 4°C for 1 h. The cells were washed to remove unbound monoclonal antibodies and counted for the 
bound residual radioactivity. B, direct cell surface saturation binding and Scatchard plot analysis. IMMU-106, ■; rituximab, a; Ab, antibody. 



were incubated with the anti-CD20 MAbs, followed by staining 
with FITC-labeled goat antihuman second antibody. Flow cy- 
tometry analysis indicated that staining of normal peripheral 
blood lymphocytes was similar for IMMU-106 and rituximab 
(Table 2). Positive staining was ~9% above the background 
with the anti-CD20 MAbs, which is within the normal range for 
percentage of B cells. Monocytes and granulocytes were nega- 

Effects of Naked MAbs on Proliferation of NHL Cell 
Lines. Growth inhibition by the anti-B-cell MAbs was evalu- 
ated by in vitro proliferation assays in the NHL cell lines. Cells 
were cultured with the MAbs in solution with or without a 
second MAb for cross-linking, to mimic the role of effector cells 
in vivo. Proliferation was assessed by measuring the uptake of 
[ 3 H]thymidine. Controls included rituximab, no first MAb, and 
a negative control MAb, hMN-14. In all of the B-cell lines 
studied, specific inhibition was seen with the anti-CD20 MAbs, 
but the level of inhibition varied between the cell lines. As 
shown in Fig. 3, anti-CD20 MAbs yielded specific inhibition of 
proliferation in the Burkitt and non-Burkitt lymphoma cell lines. 
However, inhibition of proliferation was not directly related to 
antigen density. For example, CD20 expression is greater in Raji 
than Daudi, yet inhibition of proliferation of Daudi cells by 
anti-CD20 MAbs was greater than that of Raji cells. In the Raji 
experiment, inhibition of proliferation by the anti-CD20 MAbs 
was ~20% and with cross-linking ~40%, compared with Daudi 
in which >60% inhibition was seen with cross-linked anti- 
CD20 MAbs, IMMU-106, and rituximab. Among the non- 
Burkitt lymphoma cell lines, SU-DHL-6 was markedly more 
sensitive to antiproliferative effects of the MAbs than RL, 
SU-DHL-4, and SU-DHL-10, as well as the Burkitt lines. In the 
absence of cross-linking, IMMU-106 and rituximab yielded 
-88% inhibition of proliferation of SU-DHL-6 cells, and with 
cross-linking specific inhibition of proliferation increased to 
98%. Results with these cell lines again indicate that inhibition 



of proliferation is not directly related to antigen density. 
Whereas CD20 expression is in the order SU-DHL-6 > RL > 
Raji > Daudi, sensitivity of proliferation to anti-CD20 MAbs is 
in the order SU-DHL-6 > Daudi > Raji > RL. SU-DHL-4 and 
SU-DHL-10 express low levels of CD20 and are relatively 
insensitive to the anti-CD20 MAbs (data not shown). 

Mechanistic Studies. Apoptosis, ADCC, and CMC were 
evaluated using a panel of B-cell lymphoma cell lines. 

Induction of Apoptosis by Naked MAbs in NHL Cell 
Lines. Induction of apoptosis was evaluated by flow cytom- 
etry assays on the B-cell line panel. Cells were cultured with the 
MAbs for 48 h with or without a second MAb for cross-linking, 
followed by DNA staining with propidium iodide. Cells were 
analyzed by flow cytometry, and positive florescence below the 
G 1 region represents DNA fragmentation and is a measure of 
apoptosis. Controls included rituximab, no first MAb, and the 
isotype negative control MAb, hMN-14. Results with SU- 
DHL-6 cells are shown in Fig. 4. In all of the B-cell lines 
studied, specific induction of apoptosis was seen with the anti- 



Table 1 Antigen expression: indirect flow cytometry assay 
(geometric mean fluorescence) 



hMN-14 Rituximab IMMU 106 



Burkitt' s 

Daudi 5.9 252.9 222.6 

Raji 2.2 384.7 268.4 

Ramos 1.1 119.5 82.6 
Non-Burkitt' s 

DoHH2 4.8 45.6 41.9 

Karpas422 8.3 12.2 11.6 

RL 3.1 158.9 130.8 

SU-DHL-4 2.5 46.8 26.3 

SU-DHL-6 1.6 599.5 439.2 

SU-DHL-10 2.5 35.7 26.5 

WSU-FSCCL 3.0 36.4 28.5 
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Table 2 MAb" binding to peripheral blood lymphocytes 

Mean Percent 

fluorescence positive 

No first MAb 13 6.7 

hMN-14 19 10.1 

Rituximab 34 15.4 

IMMU-106 30 15.6 



a MAb, monoclonal antibody. 



CD20 MAbs when an appropriate cross-linking agent was used. 
In the majority of cell lines apoptosis was not induced with any 
of the tested MAbs in the absence of cross-linking (Table 3). 
SU-DHL-6 is the exception; in this cell line the anti-CD20 
MAbs also induced apoptosis without cross-linking. 

ADCC and CMC. The ability of the anti-B-cell MAbs to 
induce ADCC and CMC was assayed using standard 51 Cr re- 
lease assays and a homogeneous fluorometric lactate dehydro- 
genase release assay (Promega; data not shown). As measured 




by both methods, incubation of B-lymphoma cells with ritux- 
imab and IMMU-106 caused ADCC and CMC in the presence 
of human peripheral blood mononuclear cells or human com- 
plement, respectively (Figs. 5 and 6). Similar to the results 
observed in the proliferation and apoptosis evaluations, sensi- 
tivity of cell lines to ADCC varied, as noted by the F-axis scales 
in Fig. 5. Levels of cytotoxicity were similar for rituximab and 
IMMU-106 in these studies. 

In Vivo Effects of Naked MAbs on SCID Mice Bearing 
Disseminated Raji Lymphoma. In vivo therapy studies were 
performed in SCID mice bearing systemic Raji tumors. Mice 
were injected i.v. with Raji cells on day-0. Fig. 7 shows a 
comparison of the anti-CD20 MAbs IMMU-106 and rituximab. 
MAbs were administered i.p. 5 times/week for 2 weeks, at 100 
|xg/injection, starting 1 day after injection of Raji cells, then 
twice weekly until day 36 of the study. Control mice received 
100 |xl of PBS, the MAb diluent, on each injection date. Control 
mice died of disseminated disease manifested with central nerv- 
ous system paralysis, with a median survival time of 16.5 days 
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Fig. 4 Apoptotic effect of monoclonal antibodies on SU-DHL-6 cells. Induction of apoptosis was evaluated by flow cytometry determination of 
hypodiploid DNA on the B-cell line panel. Cells were cultured with the monoclonal antibodies without a second antibody (purple line), with goat 
antimouse IgG (pink line), or with goat antihuman IgG (green line), followed by DNA staining with propidium iodide. Results with SU-DHL-6 cells 
are shown. Hypodiploid DNA peaks corresponding to apoptotic nuclei were quantified in region M 1 . 



after Raji tumor inoculation. Median survival in the treated 
groups was extended to 98 days for rituximab and 70 days for 
IMMU-106, statistically significant survival extensions in this 
model by log rank analysis (P < 0.0001). No statistical differ- 
ence was observed between the effects of IMMU-106 and 
rituximab. These values represent median survival increases of 
5.9-, and 4.2-fold for rituximab and IMMU-106, respectively, 
compared with control mice. Subsequent studies evaluated the 
importance of the Fc region for effective therapy by comparing 
the anti-CD20 MAbs, IMMU-106, and rituximab, and their 
F(ab') 2 fragments. The F(ab') 2 fragments were ineffective (data 
not shown), with identical median survival to control animals, 
confirming previous reports on the importance of Fc-mediated 
functions (CMC or ADCC). 

Effects of Combining Anti-B-Cell MAbs. Combina- 
tions of MAbs recognizing distinct tumor-associated antigens 
can potentially enhance antitumor activity. To explore this pos- 
sibility, the effects of combining IMMU-106 and epratuzumab 
were studied in vitro by evaluating effects on proliferation of 
cells in culture and in vivo in SCID mice bearing disseminated 
Raji tumors. As shown in Figs. 8 and 9, the combination of the 
two naked MAbs appears to be more effective than either agent 

Fig. 8 shows the results of an in vitro proliferation assay by 
[ 3 H]thymidine uptake. IMMU-106 alone caused a 53% inhibi- 
tion of proliferation of SU-DHL-6 cells, and epratuzumab alone 
had no effect. The combination of the two agents increased 
inhibition of proliferation to 83% (P < 0.001, a significant 
difference from effect of IMMU-106 alone). This level of inhi- 



bition is similar to that obtained by cross-linking IMMU-106 
with goat antihuman second antibody. 

The survival curves shown in Fig. 9 represent combined 
data of two experiments comparing the effects of IMMU-106 
given alone and in combination with epratuzumab. Each MAb 
was administered at 50 jig/injection, twice weekly, starting 1 
day after tumor cell injection. In the combined MAb treatment 
group, each MAb was given twice weekly at 50 |xg/injection. 
This dose is lower than that administered in the experiment 
shown in Fig. 7 and was selected to facilitate observation of 
improvements caused by the MAb combination. Median sur- 
vival was 15 days in the untreated, i so type-matched control 
(hMN-14) and epratuzumab groups. IMMU-106 administered 
alone increased median survival to 25 days, and the combination 
of IMMU-106 and epratuzumab yielded a small increase in 
median survival; however, prolonged survival was observed in 
30% of the mice. Day 35 was the time point at which the last 
animal reached the end point (hind-leg paralysis) in the IMMU- 
106-alone treatment group, whereas in the IMMU- 106 + epratu- 
zumab group, 6 of 20 mice were still surviving at this time point. 
Survival in these 6 mice ranged from 43 to 72 days. Statistical 
significance of the effect was barely not reached in vivo (P = 
0.0515 log rank test) for the difference between IMMU-106 and 
IMMU-106 +epratuzumab. 

Up-Regulation of CD22 by Anti-CD20. Mechanisms of 
enhancement of efficacy may include up-regulation of antigen 
levels as well as synergy between two different signaling path- 
ways. Impact on receptor expression was examined by studying 
the CD22 and CD20 antigen density on cultured B-cell lines 



Table 3 Apoptotic effect of anti-CD20 MAbs 13 as shown by propidium iodide staining (% hypodiploid DNA) 



hMN-14 

Rituximab 

IMMU-106 



a MAb, monoclonal antibody. 
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Fig. 5 Antibody-dependent cytotoxicity on non-Hodgkin s lymphoma 
cell lines. ^Cr-labeled non-Hodgkin s lymphoma cells were incubated 
with anti-B-cell monoclonal antibodies in the presence of human pe- 
ripheral blood mononuclear cells. The cells were incubated for 4 h at 
37°C, followed by collection and counting of supernatants. Percentage 
of specific lysis of three cell lines is shown: bars. ±SD. 



after incubation of the cells with epratuzumab or IMMU-106. 
Fig. 10 shows the flow cytometry histograms demonstrating that 
CD22 expression is up-regulated after overnight incubation with 
IMMU-106. As shown in Fig. 10, the histogram representing 
CD22 expression level after exposure to IMMU-106 is shifted to 
the right relative to the histogram representing CD22 expression 
with no prior exposure to IMMU-106. Mean fluorescent inten- 
sity increased from 21 to 28, an increase of 33%. Incubation of 
cells with epratuzumab did not increase the density of CD20 
(data not shown). 

DISCUSSION 

Several issues must be considered to understand and try to 
improve upon the success of antibody-based treatments for 
NHL. The work reported herein addresses some of these issues. 
First, in an effort to improve upon the results obtained with 
rituximab, a humanized anti-CD20 MAb was developed by 



complementary determining region grafting. Rituximab is a 
murine-human chimeric MAb, in which the variable domains 
are derived from the murine anti-CD20 MAb, and the constant 
regions from human IgGl heavy chain and human k light chain. 
Although a chimeric antibody is less likely than a fully murine 
MAb to provoke an immune response, and elicitation of a 
human antichimeric antibody response has not posed a signifi- 
cant obstacle to the use of rituximab, it may be advantageous 
clinically to have a more fully human version, especially if 
repeated injections may be desired in patients, e.g., for nonma- 
lignant diseases, such as autoimmune diseases. Administration 
of humanized MAbs could possibly result in altered pharmaco- 
kinetic and toxicity profiles. A possible extension in serum 
half-life may permit extended dosing intervals and lead to 
reduced immunogenicity. Changes in pharmacokinetics and 
dosing regimens may affect the therapeutic response as well as 
toxicity. Although these benefits are theoretical at this time, 
remaining to be proven in clinical studies, such studies with 
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Fig. 6 Complement- mediated cytotoxicity on non-Hodgkin' s lymph- 
oma cell lines. 51 Cr-labeled non-Hodgkin's lymphoma cells were incu- 
bated with anti-B-cell monoclonal antibodies in the presence of human 
complement. The cells were incubated for 3 h at 37°C, followed by 
collection and counting of supernatants. Percentage of specific lysis of 
three cell lines is shown; bars, ±SD. 
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variable because our experience has shown that various cell 
lines respond differently to immunotherapy. We observed dif- 
ferences in the ability of the MAbs to inhibit proliferation, as 
well as induce apoptosis, ADCC, and CMC. These results were 
not directly related to antigen density. This is consistent with the 
observations of others with anti-CD20 MAbs (32) as well as 
other anti-B-cell MAbs (16). Nagy et al. (16) reported a non- 
linear correlation between killing efficiency with anti-HLA-DR 
MAbs and the level of HLA-DR antigen expression. Chan et al. 



Fig. 7 Survival proportions in SCID mice bearing disseminated Raji 
cells; comparison of IMMU-106 and rituximab. Monoclonal antibodies 
were administered to SCID mice 5 times/week for 2 weeks, at 100 
^.g/injection, then twice weekly until day 36 of the study. Monoclonal 
antibody injections were initiated 1 day after i.v. injection of Raji cells. 
Each treatment group contained 10 mice. O. untreated; hMN-14; 
-A-, IMMU-106; — ▲ — , Rituximab. 
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Fig. 8 Antiproliferative effects of the combination of IMMU-106 and 
epratuzumab by in vitro [ 3 H] thymidine uptake assay. SU-DHL-6 cells 
were cultured either without any added monoclonal antibody, or with 
IMMU-106, epratuzumab, the combination of IMMU-106 and epratu- 
zumab, or the combination of IMMU-106 and goat antihuman Ig& 
Fc7-specific, for 48 h, followed by the addition of [ 3 H]thymidine and 
another 16-h incubation; bars, ±SD. 



epratuzumab have demonstrated improved infusion properties, 
consisting of 30-60-min infusions (30) compared with infusion 
times of >4 h for rituximab (11). Epratuzumab administration 
has resulted in less infusion-related toxicity than has been evi- 
dent with rituximab, and virtually no immune responses have 
been observed in patients given either the naked (30) or radio- 
conjugated humanized epratuzumab, even when repeated, rrac- 
tionated doses were administered (31). Although the different 
target antigen specificities of epratuzumab and rituximab may 
partly contribute to the different infusion characteristics, the 
different framework regions may also play an important role. 

Second, we used a panel of cell lines to evaluate the ability 
of the MAbs to kill NHL cells. Cell lines were included as a 




Fig. 9 Combination therapy IMMU-106 and epratuzumab in Raji- 
bearing SCID mice. Monoclonal antibodies were administered to SCID 
mice 2 times/week at 50 ^g/injection. Monoclonal antibody injections 
were initiated 1 day after i.v. injection of Raji cells. Results shown 
include combined data from animals treated on two dates. The first 
included animals treated with hMN-14 (n = 10), IMMU-106 (n = 10), 
epratuzumab (n = 10), and IMMU- 106+ epratuzumab (n = 10). The 
second included animals treated with IMMU-106 (n = 10), IMMU- 
106 + epratuzumab (n = 10), and control untreated mice (n = 9). *, 
IMMU-106; ♦, IMMU-106+Epratuzumab; 0 , Epratuzumab; ■, hMN- 
14; O, untreated. 
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i of CD22 by anti-CD20 (IMMU-106) in RL 
lcubated ~ 1 7 h with a saturating concentration of 
loclonal antibody (MAb). The CD22 and CD20 
expression was then measured by flow cytometry using FITC-RFB4, an 
anti-CD22 MAb that blocks epratuzumab binding, and FITC-B1, which 
blocks IMMU-106 binding. CD8 expression was also measured as a 
negative control (FITC-anti-Leu-2a). RL cells stained with FITC-RFB4 
either without MAb pretreatment (purple line) or after pretreatment with 
IMMU-106 (green line) are shown in comparison to the control un- 
treated cells stained with FITC-anti-Leu-2a (red line). FITC-B1 staining 
is not shown. 
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(32) observed differences in the effects of anti-CD20 MAbs on 
a range of cell lines by various apoptotic and clonogenic assays. 
By analyzing the differences between cell lines, these authors 
concluded that apoptosis through CD20 was dependent on the 
nature of MAb binding and correlated with the extent of homo- 
typic cell adhesion induced. In addition, they concluded that the 
extent of apoptosis was independent of translocation to Triton 
X-100 insoluble rafts, and that CD20 can evoke apoptosis with- 
out involvement of mitochondria and caspases. Control of sen- 
sitivity to CD20-induced apoptosis remains unclear; it is likely 
that signaling or effector molecules are missing or improperly 
regulated in insensitive tumor cell lines. These observations 
highlight the importance of studying a number of cell lines 
before drawing a conclusion on clinical relevance, as well as 
demonstrating how correlating mechanistic assays with efficacy 
observations can shed light on innate and/or acquired resistance 
to antibody therapy. 

Third, we examined the effects of combining anti-CD20 
and anti-CD22 treatments. Epratuzumab, and the anti-CD20 
MAbs IMMU-106 and rituximab, recognize distinct antigens 
and achieve their efficacy through different mechanisms. Anti- 
CD20 MAbs, including rituximab, have been shown to induce 
ADCC and CMC in tumor target cells (2-5, 33). In addition, 
evidence from in vitro studies, animal tumor models, and clin- 
ical trials suggest that the tumoricidal effect of naked anti-CD20 
MAbs does not occur solely by these mechanisms. Antibody 
binding to CD20 has been shown to inhibit cell cycle progres- 
sion after mitogen stimulation (34); inhibit B-lymphocyte dif- 
ferentiation (35); inhibit EBV and pokeweed mitogen-induced 
immunoglobulin secretion (34, 35); and generate a transmem- 
brane signal that results in enhanced phosphorylation of the 
molecule (36), increase of tyrosine-kinase activity (37), and 
induction of c-myc oncogene expression (38). Shan et al. (6) 
demonstrated that extensive cross-linking of CD20 with murine 
anti-CD20 MAbs in the presence of either goat antimouse IgG 
or Fc receptor-expressing cells directly inhibits B-cell prolifer- 
ation, induces nuclear DNA fragmentation, and leads to cell 
death by apoptosis. Apoptotic effects can be inhibited by che- 
lation of intracellular or extracellular calcium ions. These results 
suggest that ligation of CD20 in vivo by MAbs in the presence 
of Fc receptor-expressing cells may initiate signal transduction 
events, increase calcium ion levels, and lead to apoptosis. 

CD22 functions as an adhesion receptor for B cells, T cells, 
monocytes, neutrophils, and RBCs (39), and is involved in 
signal transduction, modulating B-cell antigen receptor-medi- 
ated signal transduction (40). Ligation of CD22 with MAbs that 
block the ligand-binding site triggers rapid tyrosine phosphoryl- 
ation of CD22 and primary B-cell proliferation (41). In contrast 
to the binding of the anti-CD22 MAb, HB22.23, epratuzumab 
does not block the ligand-binding site on CD22 (42). However, 
ligation of CD22 with epratuzumab does cause rapid internal- 
ization of the MAb and also induces phosphorylation of the 
CD22 cytoplasmic tail (42). The rapid internalization of this 
MAb into NHL cells has facilitated its use for the delivery of 
toxins within the cells (43, 44). A key role for CD22 in B-cell 
function is also suggested by studies showing that CD22- 
deficient mice have a shorter life span, a reduced number of 
mature B cells, a chronic exaggerated antibody response to 
antigen, and development of elevated levels of autoantibodies 



(45). Many of these functions can be modulated by epratuzumab 
through CD22 phosphorylation and CD22 internalization (42). 

In clinical studies epratuzumab has shown antitumor re- 
sponses as an unlabeled agent (30) and in radioimmunotherapy 
applications (31, 46, 47). Unlabeled, epratuzumab has shown 
evidence of antitumor activity in patients with recurrent NHL, 
producing responses, including complete responses, in patients 
with follicular and diffuse large B-cell histologies. In a dose 
escalation study examining the safety, efficacy, and pharmaco- 
kinetics of epratuzumab in patients with recurrent indolent 
NHL, Leonard et al. (30) administered 120-1000 mg/m 2 over 
30-60 min for four weekly treatments. These doses were well 
tolerated with no dose-limiting toxicities and had clinical activ- 
ity. A 43% objective response rate was observed in follicular 
NHL patients receiving 360 mg/m 2 /week, similar to results 
observed using rituximab. Greater than 95% of the infusions 
were completed in ~1 h. The fact that epratuzumab does not 
activate complement and, thus, produces a less-dramatic deple- 
tion of B cells may contribute to the excellent infusion tolera- 
bility. In addition, these dosing regimens resulted in an extended 
half-life of 23 days, compared with ~10 days with rituximab 
(30). 

Thus, the combination of epratuzumab with an anti-CD20 
MAb may be beneficial, yielding additive or synergistic activ- 
ities. Preliminary findings in a murine model (48) and in patients 
(49) indicate that the combination of rituximab and epratuzumab 
is well tolerated and may result in improved antilymphoma 
activity versus the single agents. Clinically, the overall response 
rate of epratuzumab combined with rituximab in indolent, fol- 
licular NHL was reported to be similar to that of rituximab 
alone, but a higher complete response rate was found (49). Thus, 
it would seem that these two antigen targets overlap in terms of 
responsiveness in this tumor type, with the combination only 
improving the magnitude of the rituximab response in contrast 
to more patients responding when epratuzumab is added. This 
implies that the combination is synergistic in those patients 
having both target antigens and responding to either agent. 

As reported here, we found that the combination of IMMU- 
106 and epratuzumab appears to be more effective than either 
MAb alone in the SU-DHL-6 tumor cell line. In vitro, the 
combination of these two MAbs increased inhibition of prolif- 
eration from 53% for IMMU-106 alone to 83% in cultured 
SU-DHL-6 cells. In vivo, in SCID mice bearing disseminated 
Raji cells, prolonged survival was observed in 30% of the mice 
given IMMU-106 and epratuzumab, compared with IMMU-106 
monotherapy. These results are consistent with the clinical ob- 
servations and may be explained partially by the up-regulation 
of CD22 expression after treatment of NHL cells with CD20 
MAb, implying that higher antigen expression may contribute to 
more effective therapy. It is not clear why cross-linking of CD20 
increases CD22 expression and not vice versa. Additive or 
synergistic results on signaling events initiated by the anti-CD20 
and -CD22 MAbs may be the cause of the increased efficacy 
when the two agents are used in combination, although there 
may be little or no observed antiproliferative effects of the 
anti-CD22 MAb when given alone. Although there are many 
limitations to the use of xenografted NHL cell lines, especially 
because the SCID or nude mice do not have normal B cells that 
express the target human B-cell lineage antigens in question, 
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many of the observations made clinically can be reproduced in 
some of these models, such as the efficacy of naked CD20 
MAbs as a monotherapy and in combination with epratuzumab 
shown in this article. The fact that the animal model reflects 
what has been seen in clinical studies encourages us to pursue 
the study of other variables in the preclinical setting, which 
would be impractical, if not impossible, to evaluate clinically. 

In conclusion, the data shown here suggest that the mech- 
anisms of cytotoxicity of IMMU-106, like rituximab, include 
direct apoptotic effects, as well as ADCC and complement- 
mediated cell lysis. It is expected that in humans, IMMU-106 
should be at least as effective as rituximab and, due to its 
construction based on the framework of epratuzumab, it may 
exhibit different pharmacokinetic, toxicity, and therapy profiles. 
In addition, the results indicate that it may be possible to 
enhance efficacy by combination therapy comprised of anti- 
CD20 and other B-cell lineage targeting MAbs, such as epratu- 
zumab, which supports current clinical studies of the combina- 
tion of rituximab and epratuzumab in NHL therapy (49). 
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